ABSTRACT: Region of interest based morphometric diffusion tensor imaging analysis, has been used extensively for the assessment of age-related changes in human brain, is limited to two dimensions and does not reflect the whole fiber bundle; however, diffusion tensor tractography (DTT) offers an overall view of individual fiber bundle in three-dimensional spaces. Quantitative DTT was performed on 51 healthy subjects of pediatric age range and young adults to compare age-related fractional anisotropy (FA) changes in corpus callosum, sensory and motor pathways, limbic tracts [cingulum (CNG) and fornix (Fx)], and superior and inferior longitudinal fascicules. In corpus callosum, inferior longitudinal fascicules, limbic tracts (CNG and Fx), sensory pathways, and motor pathways, an initial sharp increase in FA was observed up to the age of 2 y followed by a gradual increase up to 21 y. In superior longitudinal fascicules, sharp increase in FA was observed up to 3 y followed by a gradual increase. The FA value of the left CNG (p ϭ 0.01, sign test) was observed to be significantly greater than that of the right CNG. We conclude that white matter fiber tracts mature with age and can be assessed by using DTT that may greatly improve our understanding of the human brain development. (Pediatr Res 66: 636-641, 2009) I n humans, a great deal of the axonal organization is established by birth; however, axonal wiring and pruning processes as well as myelination in white matter (WM) tracts are known to extend to the postnatal periods and continues till adulthood (1-3). Postmortem studies of the young population are very limited (4). Even with postmortem samples, there are no reliable histology-based techniques that can quantitatively assess the axonal architecture of the entire fiber tracts.
I n humans, a great deal of the axonal organization is established by birth; however, axonal wiring and pruning processes as well as myelination in white matter (WM) tracts are known to extend to the postnatal periods and continues till adulthood (1) (2) (3) . Postmortem studies of the young population are very limited (4) . Even with postmortem samples, there are no reliable histology-based techniques that can quantitatively assess the axonal architecture of the entire fiber tracts.
Conventional magnetic resonance imaging (MRI) has provided an opportunity to visualize the progression of myelination in WM tracts throughout infancy and childhood noninvasively (5) . Magnetization transfer imaging has been shown to be sensitive for the evaluation of brain maturation (6) . However, conventional MRI is unable to delineate individual WM fiber tracts. Recent developments in diffusion MRI have put this imaging modality to forefront of neuroscience research. By virtue of its diffusion-driven displacement, water molecules probe tissue structure at a microscopic scale in diffusion imaging (7) . It has been shown that ordered axonal structure, cell membrane, and myelin sheath strongly influence water diffusion (8) that directly links it to axonal orientation and integrity in the brain (9) . Diffusion tensor imaging (DTI) allows us to estimate dominant fiber orientation at each pixel. The most commonly used DTI analysis is based on a two dimensional (2D) region of interest (ROI) in an image dataset that is user specific. DTI studies in healthy pediatric and adult individuals using 2D ROI approach indicate that mean diffusivity (MD) in central WM tracts decreases with age, whereas fractional anisotropy (FA) increases up to the age of 70 y. After 70 y, increasing trend of MD along with decreasing trend of FA has been shown in central WM tracts (10) . This method is not always reliable because of the uncertainty of manual specification. In addition, ROI-based morphometric DTI analysis is limited to 2D and does not reflect the whole fiber bundle; however, diffusion tensor tractography (DTT) offers an overall view of individual fiber bundle in 3D spaces (11) . In addition to basic 3D visualization, many studies have used fiber tracking to delineate specific WM tracts for quantitative analysis. Quantitative DTT studies have examined the microstructure of WM tracts in the various (subset) age groups of pediatric subjects (12) (13) (14) (15) (16) , in elderly subjects (13, 17) , and in patients with various neuropathologies (18, 19) . However, there is no DTT study covering entire pediatric range from neonates (within 1 mo of age) to adolescent (18 y of age). To the best of our knowledge, this is the first cross-sectional quantitative DTT study in the entire range of pediatric population. The aim of our study was to compare temporal changes in FA values of major WM fiber tracts in 3D space and to look for cerebral laterality.
MATERIALS AND METHODS
Conventional MRI and DTI were performed on normal human brain [n ϭ 51, nine neonates (with in 1 mo), nine infants (1 mo-1 y), 24 children (1-12 y), six adolescent (13-18 y), and three young adults (Ͼ18 y)] with age group ranging from 10 d to 21 y. The subjects consisted of 21 males and 30 females (median age ϭ 12 y). Handedness in children and adolescent was assessed using a standardized questionnaire (Edinburgh inventory) (20) . All the children and adolescent included in this study were right handed. However, in neonatal and infant age group handedness was assessed by grasp reflex analysis (21) . Left-handed neonates as well as infants were excluded from study. Twelve of 18 neonates and infants were right handed and remaining six subjects were mixed handers. Healthy volunteers were recruited from the community who had come for routine brain screening with no neurologic symptoms. Small healthy babies formed the controls in project relating to hypoxic ischemic encephalopathy. These controls were taken with institutional ethical approval. Parents of these neonates and children were anxious and wanted to get MRI to confirm that their children brain had no apparent imaging abnormalities. Rest of the subjects included in this study came to us with complain of isolated mild peripheral joint injury, and they were neurologically normal on imaging and performed well on serial neurologic examinations. In all subjects, MRI scans were performed without any sedation. Written consent for performing these studies was obtained from the parents.
Imaging parameters. Imaging was performed on a 1.5 Tesla GE MRI scanner (GE Healthcare Technologies, Milwaukee, WI) using a standard birdcage quadrature head coil. MR imaging parameters included: T2-weighted axial fast spin-echo (SE) images [repetition time (TR) ϭ 6000 ms, echo time (TE) ϭ 85 ms, and number of excitation (NEX) ϭ 4]; T1-weighted axial SE images (TR ϭ 700 ms, TE ϭ 14 ms, and NEX ϭ 2); and T2-weighted fluid-attenuated inversion recovery images (TR ϭ 9000 ms, TE ϭ 120 ms, inversion time ϭ 2200 ms, and NEX ϭ 1). A total of 30 to 36 contiguous 3-mm thick axial sections were acquired with a 240 ϫ 240 mm 2 field of view and image matrix of 256 ϫ 256. DTI data were acquired using a single-shot echo-planar dual SE sequence with ramp sampling. The diffusion-weighted acquisition parameters were: b-factor ϭ 0, 700 (in subjects of age 10 d-12 mo), 1000 s/mm 2 (in rest of the subjects), slice thickness ϭ 3 mm with no gap, field of view ϭ 240 ϫ 240 mm 2 , TR ϭ 8 s, TE ϭ 100 ms, and NEX ϭ 8. A total of 30 to 36 axial sections were acquired with an image matrix of 256 ϫ 256 (following zero-filling). The diffusion tensor encoding used was the balanced rotational invariant with 10 noncollinear directions over the unit hemisphere (22) . Imaging was done carefully in all subjects. There was evidence of motion in six studies and were excluded from the study. Segmentation of WM structures and DTT was performed using in-house developed JAVA based software (abstract no. 3540 published in proceedings of ISMRM 2009) described below.
Segmentation of WM structures. The key idea of our method ( Fig. 1 ) is to do a segmentation of the principal eigenvector field into stable voxels having a minimal e1 variation (curvature). Thus, a voxel P is a member of the stable fiber mass, if there is a neighboring voxel Q such that e1's at P and Q point out to each other. Mathematically, it translates to the relation G(F(P)) ϭ P, where with u ϭ (1,1,1)
The method, thus, firstly generates the stable fiber mass and then segments it by coloring its voxels according to the following scheme. The vector joining P and Q has form (l,m,n), (l,m,n ϭ Ϫ1,0,1) using which the voxel P is colored according to table. Typical segmented axial, sagittal, and coronal color maps were generated. Using these color maps, our method narrows down the ROIs selection to pointing out to a color segment inside a broader ROI through a single mouse click.
Diffusion tensor tractography. Different fiber bundles are easily reconstructed by the segmented components using fiber assignment by continuous tracking algorithm (23) . This reconstruction allowed us to identify the coordinates of specific WM tracts and to investigate the anatomy. DTI measures were calculated for the entire fiber and reported. FA threshold of 0.15 was used for fiber tracking.
Fiber density. Consider a r-cube centered at voxel P. FD at point P (with respect to length r) is defined to be the number of voxels in this cube belonging to the fiber mass divided by the volume of the voxel (r 3 ). This is the relative volume occupied by voxels lying on fibers. Computations taking r ϭ 7 seems to be suitable. Reported results were taken for r ϭ 7.
DTI indices derived from the entire fiber bundle were averaged for the purpose of quantitation.
Data quantification. The mouse clicks were made on midsagittal stable fiber mass map on CC at the level of massa intermedia ( Fig. 2A) .
The mouse clicks were made on right and left fornix (Fx) on those coronal stable fiber mass map where the thickness of respective fiber bundle was maximum ( Fig. 2A) . In case of posterior cingulum (CNG) the mouse clicks were made on those coronal stable fiber mass map where the thickness of fiber bundle was maximum; however, for the fiber tracts generation of anterior CNG, the mouse clicks were made on those axial stable fiber mass map where the thickness of fiber bundle was maximum.
The mouse clicks were made on right and left superior (SLF) and inferior longitudinal fasciculus (ILF) on those coronal stable fiber mass maps where the thickness of respective fiber bundle was maximum. For the minimization of interobserver variability, two investigators evaluated the entire data sets.
The central sulcus was identified and marked on sagittal surface image reconstructed by 3D surface rendering of b 0 image stack. Free hand ROIs were drawn on axial T2-weighted image near the brain's vertex on the precentral and postcentral gyri, and the fibers generated from those ROIs were defined as motor or sensory tracts, respectively (Fig. 2B) .
Statistical analysis. DTI measures were quantified for each fiber tracts from the control brains in the age range of 10 d to 21 y. To explore the changes of DTI measures with respect to age, each fiber tract was quantified for various age groups at an interval of 1 y (up to 5 y of age) and subsequently at an interval of 5 y. One-way analysis of variance was performed to see the difference in DTI measures among all age groups. Student-Newmen-Keuls post hoc test was applied to identify the age interval responsible for the difference in these parameters.
Bivariate analysis of correlation was performed to rate inter-rater reliability between two observers, with the assumption that there was no correlation between DTI measures quantitated by two observers (H o [null hypothesis] ϭ 0). Alternatively, if a correlation more than 0.001 was observed at ␣ ϭ 0.05% and 90% power of test, the null hypothesis was rejected. To study the relationship between age and DTI measures of the fiber bundles, linear, quadratic, cubic, log-linear, growth, and exponential models were applied. For each model, regression coefficients, R 2 , 95% confidence interval of mean, and other model statistics were computed. R 2 statistics was used to determine the best fit model. Finally, the log-linear model was considered to examine the trends between FA values in fiber bundles with increasing age (Fig. 3) . The following equation was used to estimate FA as a function of age.
FA ϭ a 1 Ln͑age͒ ϩ a 0 where a 0 is constant term, and a 1 is regression coefficient of log transform of age.
The Sign test was used to compare the left-right asymmetry in the FA [FA(right fiber bundle) Ϫ FA(left fiber bundle)] of motor and sensory tracts, limbic tracts (CNG and Fx), SLF, and ILF and its temporal dependence. p value less than 0.05 was considered to be significant. The computations were performed using the statistical package for social sciences (SPSS, V15, Inc, Chicago, IL). Figure 1 . Flow chart explaining the algorithm used for fiber tracking.
RESULTS
The inter-rater reliability for the DTT-based approach was 0.90 (p Ͻ 0.01). Based on regression and model diagnostics, log-linear model was considered to examine the trends in FA in all fiber bundles with increasing age in the normal human brain (Fig. 3A-E, Table 1 ). An initial sharp increasing trend in FA followed by a gradual continuous rise was observed as a function of age in all WM fiber bundles. The lowest FA and FD values along with highest MD values in whole WM fiber bundles were observed in newborns; however, an opposite trend of highest FA and FD along with lowest MD values in these WM fiber bundles was observed in young adults. Figure 4 shows the 3D projection of different fiber bundles on midsagittal plane at different ages.
Age-related changes in FA in 3D WM fiber bundle. FA was highest in CC followed by ILF, motor tracts, and sensory tracts Ϸ CNG Ϸ Fx Ϸ SLF (Fig. 3) .
Based on Student-Newmen-Keuls post hoc test, the highest increase in FA in the CC, limbic tracts, sensory, and motor tracts was observed up to the age of 2 y followed by a gradual continuous rise subsequently. The FA showed an initial sharp increase in SLF and ILF up to the age of 3 y followed by a gradual continuous rise subsequently.
Cerebral asymmetry-related difference. As can be seen from Fig. 3 , the FA values were observed to be higher in the left fiber bundles of each tract except for Fx compared with the right fiber bundles at all ages. The FA value of the left CNG (p ϭ 0.01, sign test) was observed to be significantly greater than that of the right CNG.
Age-related changes in FD and MD in 3D WM fiber
bundle. An increasing trend of FD along with decreasing trend of MD values was observed as a function of age in all fiber bundles of interest in 3D space; however, no regression model provided a significant R 2 values to determine the changes in FD and MD values with age.
On comparing fiber bundle of right hemisphere and their contralateral fiber bundle, we observed no consistent pattern in FD and MD values associated with cerebral laterality for the major WM fiber bundles under study.
DISCUSSION
This study demonstrates the potential of DTT in assessment of 3D changes in major WM tracts (CC, SLF, ILF, motor and sensory tracts, and limbic tracts) with the progression of age. In this study, the pattern of log-linear graphs showed that SLF and ILF fiber bundle lags behind CC, limbic, and sensory and motor tracts. In addition, we also observed significantly higher FA values in left cerebral hemisphere compared with right in CNG at all ages suggestive of lateralization.
Previous ROI-based DTI studies in children and adults have shown that during childhood there is a fast early rise in anisotropy in the WM followed by a slower growth subsequently, and this is believed to be associated with the process of myelination (5, 24, 25) . All these studies have described age-related changes in DTI indices only in a small region of cerebral WM tracts. Manually placed ROI analysis has been widely used in the DTI literature but has intraobserver and interobserver variability and is time consuming. In addition, only a part of each tract can be assessed. The advantage of voxel-based analysis techniques is being observer independent and can be applied to study the entire brain. Voxel-based analysis techniques have been applied to DTI (26) , and researchers are also trying to apply tract-based morphomentry analysis to DTT (27) . However, morphometric analysis also has some inherent shortcomings because of the requirements of spatial normalization and smoothing. Three-dimensional DTI fiber tracking can be used as the basis for quantitative assessment of the microstructure of a specific WM tract. Diffusion metric maps including FA, MD, and the eigenvalues are inherently registered to the resultant DTI fiber tracks. The general strategy of quantitative DTI fiber tracking is to create a 3D ROI based on the voxels through which the fiber tracks pass. Quantitative DTI fiber tracking can be performed in conjunction with deterministic or probabilistic fiber tracking. Studies have shown the reproducibility of quantitative DTI fiber tracking (28) as well as the accuracy of the technique and improved intraobserver reliability compared with manually drawn ROI. Discrepancies between the scales of the axonal diameter and the imaging voxel size (i.e. low spatial resolution), the noise contained in the diffusion data, and image artifacts comprise most of the limitations associated with tractography. DTT assumes that the fibers visualized in each voxel are well described by a single orientation estimate; therefore, the technique performs poorly in regions where fibers cross, merge, or diverge. These limitations might lead to the tracking of pathways that do not exist or the ineffective tracking of those that do exist.
The increase in FA in WM tracts with age is believed to be associated with axonal reorganization as well as ongoing process of myelination. Although in some WM tracts myelination process is documented until the third decade of life or later, majority of myelination occurs within the first 2 y of life (1). Myelination does not occur synchronously in all WM tracts, it initiates and completes differentially among the WM fiber bundles based on the functional capacity of neurons. In our study, a sharp increase in FA was observed at the age of 2 y in CC, sensory and motor tracts, and limbic tracts. Our results of initial fast increase (up to 2 y) followed by modest increase in FA values in CC are in line with a recent DTI study in healthy pediatric subjects. Authors have reported the same time line for FA increase in CC and log linear regression model provided the best fit for WM maturation (29) . During the first year of life, infant begins to develop binocular vision and visual accommodation to identify objects. These skills require interhemispheric connections that in turn reflect the maturation of CC during the first year of life. In the quantitative DTT study of Lebel et al. (13) , healthy controls (childhood to adulthood) have shown the earliest and most rapid changes of FA with age in the CC (crucial for left-right hemispheric connections) (30) . However, our results are in line with previously published study (17) . The population that we studied is very precious. There is no study including earlier study describing changes in FA in whole WM tracts in entire pediatric population.
Limbic system structures are involved in many of our emotions and motivations, particularly, those that are related to survival. Such emotions include fear, anger, and emotions related to sexual behavior. Although CNG is the most prominent WM fiber tract of the limbic system, there have been a very few DTI studies so far describing the maturational changes in CNG. The fornix, involved in very basic processing such as memory and emotion, showed sharp initial increase of FA up to 2 y of life. Yakovlev and Lecours (1) defined the development of myelin in various WM tracts of the human nervous system by using Loyez method for staining myelin and reported that in Fx and CNG, majority of myelination completes during the first year of life.
The descending motor pathway is known to be located in the middle third of the cerebral peduncle and the posterior limb of the internal capsule. The somatosensory radiation is known to pass through the internal capsule posterior to the motor tract. DTI anisotropy maps cannot easily differentiate the motor tract from sensory radiation as the motor and somatosensory tracts are within a band of inferior-superior oriented pathways containing functionally unrelated tracts (31) .
The myelination of the sensorimotor tract does not begin until near term age (2) . Using Loyez method for staining myelin, Yakovlev and Lecours (1) reported that the majority of myelination in pyramidal tracts completes during the first 2 y of life. Myelination is known to begin earlier in the commissural and projection fibers than in the association fibers, and earlier in the occipital and temporal lobes than in the frontal lobe (1, 32) . SLF and ILF are among the major long association fibers. SLF is located at the supero-lateral side of the putamen and forms an arc sending branches to the frontal, parietal, occipital, and temporal lobes, and ILF connects the extrastriate occipital cortex with lateral temporal cortex, parahippocampal gyrus, and amygdale. In our study, SLF and ILF lagged behind CC, sensory-motor pathways and limbic tracts, and an initial sharp increase in FA was observed up to the third year of life. It is known that ability to solve problems through activities that involve perception, attitude, tone, and movements before the appearance of verbal language develop first during childhood. Subsequently, the child learns to integrate visuospatial information that is associated with SLF. Based on segmentation from T1-weighted images of pediatric and adolescent populations (4 -17 y old), Paus et al. (33) reported that the SLF is one of the slowest maturing WM tracts among the major WM tracts of cerebrum.
In addition, we observed significantly high FA values in left CNG compared with their contralateral fiber bundles at all ages that suggest cerebral laterality. A marked left-greater-than-right asymmetry pattern in FA values was observed in the CNG bundles. Anterior CNG is related mainly to the anterior cingulate cortex, which is associated with neural implementation of attentional control and other functions (34) . Anterior cingulate cortex has been studied in details and asymmetric disturbances have been reported in schizophrenic patients (35) . The asymmetry of CNG observed in our study is in line with previous fiber tractsbased DTI studies (36) and may contribute to some functional difference between anterior cingulate cortices.
In our study, an increasing trend of FD values was observed in all fiber bundles; however, no regression model provided a significant R 2 value to determine the changes in FD values with age. Fiber bundle maturation comprises of peripheral axonal sprouting, axonal growth, and on-going myelination. FD, an indicator of fiber bundle thickness at each voxel in human brain, is calculated by dividing the number of fiber paths in the cube by the volume of the cube. On other hand, FA values reflects overall growth of axonal bundle and on-going myelination in addition to fiber bundle thickness that suggest FA is probably a better indicator of fiber maturation compared with FD.
In conclusion, this study demonstrates the normal development of the whole WM fiber bundles and cerebral lateralization in entire pediatric age range by using quantitative DTT that may greatly improve our understanding of the human brain development.
